We hypothesize that hog production can be characterized by complementarities between new technologies, worker skills and farms size. Such production processes are consistent with Kremer's (1993) O-ring production theory in which a single mistake in any one of several complementary tasks in a firm's production process can lead to catastrophic failure of the product's value. In hog production, mistakes that introduce disease or pathogens into the production facility can cause a total loss of the herd. Consistent with predictions derived from the O-ring theory, we provide evidence that the most skilled workers concentrate in the largest and most technologically advanced farms and are paid more than comparable workers on smaller farms. These findings suggest that worker skills, new technologies and farm size are complements in production. The complementarities create returns to scale to large hog confinements, consistent with the dramatic increase in market share of very large farms over the past 20 years.
Introduction
O-ring production theory describes a process in which a single mistake in any one of several tasks in the firm's production process can lead to catastrophic failure of the product. 1 Such production processes make inputs used in any one task natural complements to the inputs used in other tasks. The amount a worker can earn in performing one task will depend on the quality of the workers performing the other tasks. As a result, employees will seek to work with others of similar or greater skills because working with less-skilled workers risks wage loss from the greater likelihood of production errors.
This study argues that Kremer's production structure provides a useful framework for analyzing farmer choices regarding farm size, technology adoption and personnel. As farm size and technological complexity increase, the number of separate production tasks increases and the cost of mistakes rises. Therefore, workers with higher skills will be used more intensively in more complex and technologically advanced production processes. Farms with O-ring production processes will hire more skilled workers, adopt newer and more complex technologies and will have the largest scale of production. In competitive labor markets, their higher levels of labor productivity will result in higher wages for their employees. potential Salmonella contamination led to the recall of nearly 2% of the annual U.S. egg production. 2 These cases show that mistakes in hygiene, diagnosis, segregation, quality control, or any number of other individual tasks performed as part of an agricultural production process can lead to the loss of the entire crop.
Given the importance of the O-ring production process as a conceptual tool in economics, 3 past research has tended to focus on testing a single prediction at a time. Pekkarinen (2002) and Dalmazzo, Pekkarinen and Scaramozzino (2007) found that more complex metal production processes increase worker pay in Finland, consistent with one prediction of the theory. Several papers have found evidence that more educated farmers are first to adopt new technologies, supporting a second prediction that human capital and technology are complementary inputs. 4 Manufacturing studies have shown a positive correlation between average wages and information technology investments, consistent with a third prediction of the theory. 5 Yet another strand of research initiated by Henry Moore (1911) and corroborated by Brown and Medoff (1989) has found a positive correlation between wages and firm size, a fourth prediction from the theory. 6 Finally, Stoneman and Kwon (1994) ; Colombo and Mosconi (1995) ; Idson and Oi (1999); and McBride and Key (2003) report evidence that larger firms adopt more advanced technologies, consistent with a fifth prediction.
None of the papers provides a comprehensive test of all the predictions of the O-ring hypothesis in the context of a single market. We undertake such a test using Farms also vary in the skills of their employees, from laborers to veterinary doctors.
Finally and most importantly, hog farm production is subject to the sort of catastrophic failures represented by the O-ring process: lapses in sanitation, litter segregation, feed, or swine health maintenance can lead to substantial output losses including the potential destruction of the entire herd.
Our empirical methodology allows us to test whether workers with more skills, whether measured by observable attributes (education or sector-specific work experiences) or unobserved but inferable from econometric structure, congregate on farms that are simultaneously larger, use more complex technologies, and pay higher wages. We can test whether skill complementarities implied by the O-ring production process lead to more specialization on larger and more complex farms. The evidence presented is consistent with these predictions, providing strong support that the O-ring production theory can characterize production on U.S. hog farms. The evidence also indicates why new technologies and their complementarities with farm size and worker skills have contributed to the dramatic rise of large hog confinements over the past 20 years.
Implications of the O-ring Theory: Complementarity between Technology
Adoption, Firm Size and Wages Kremer (1993) provides a simple and intuitive framework within which to analyze the implications of complementarities among inputs. Production takes place as a series of t indivisible tasks where technological complexity increases in t. We assume that there are multiple possible tasks so that t>1. 9 Each of the tasks requires the same amount of labor whose performance levels q are exogenously determined and crucial to the output level y . 10 We consider the problem faced by a competitive farm that maximizes profit by choosing the degree of technology complexity, t, and the taskspecific skill level of workers, i q :
is the value of output produced per task with >0 and 0, 0.
The final output price is normalized to be one, consistent with a market where farms are price takers, and so the variation in output value per task is due entirely to farm productivity differences and not to market power over price.
Individual wages depend on the worker skills, q i , with 0. The labor market is competitive so the wage per unit of skill is set exogenously.
The first term in (1) is the farm's output level, ∏ , which we will use as a measure of farm size. The O-ring production process leads to complementarity between workers. The marginal product of workers in task i positively depends on the level of output of workers in any other task, as shown by
As a result, workers will have an incentive to select farms with coworkers whose ) (t B skills are no worse than theirs. From the employers' perspective, farms also have an incentive to hire workers with relatively homogeneous skills due to the complementary production function. If workers are freely mobile, all workers on a farm will end up with the same level of skill in equilibrium, and so ; , 1,2, … , ;
. While all workers on a farm will be homogeneous in skill at level q, the level of skills will differ across farms of different sizes and technological complexities. To derive the three elements of the hypothesis, we apply two simplifications to the farm's optimization problem in (1) . First, because worker skills on a farm are homogenous, we impose . Second, we assume that this sorting of workers happens before the beginning of production such that we take worker skills exogenously determined for the moment. Note that the second simplification will not alter our conclusions. The simplified objective function (1) is
.
The first order condition with respect to tasks, is
′
With competitive markets, firms will expect to earn zero profit, and so (5) .
t
Inserting condition (5) into (4) implies that (6) .
Equation (6) shows that technological complexity t is an implicit function of skill level q. Because >0 and 0 , 0, justifying A) in Hypothesis 1 that more skilled workers will seek employment on farms with more complex production processes.
Given that all the workers on a farm will have the same level of skill, q, the farm's production function is , . The total derivative of y with respect to skill is
Therefore, we can justify part B) of Hypothesis 1 that more skilled workers congregate on larger farms. Hypothesis 1C) that more skilled workers will be paid higher wages is justified by the assumption that 0. Nevertheless, it also follows from totally deriving the zero profit condition (5) with respect to q: the marginal product of skill must be equal to its marginal cost .
The second prediction implied by the sorting of workers by skill across farms is This hypothesis suggests that all three decisions complement each other so that a farm that chooses to be at the upper tail of any one choice will tend to be at the upper tail of the other two choices also. We demonstrate the hypothesis by considering all bivariate correlations in turn. Note first that larger farms have more complex production processes. 0, which follows from the first-order-condition (4) , at any skill level q, and so Cov(y,t) > 0.
To show that farms using more complex technologies will pay workers higher wages, take the natural log of both sides of the zero profit condition (5),
where q=g(t) and g(t) is the inverse function of t(q) which is increasing in t according to (6) . Taking derivatives with respect to w in (8), we obtain 0, and so Cov(w,t) > 0.
To show size of operation rises with wages paid on the farm, we first define an inverse function q = v(w), v'(w)>0, evaluated at the wage w that maximizes profit.
The zero profit condition can be rewritten as y{v (w),t[v(w) ]}=t [v(w) ]w. Taking derivatives on both sides of this equation with respect to w, 0, and so Cov(y,w) > 0. Because all three bivariate relationships are positive, the three variables must covary as well.
A third prediction can be derived which relates the relative dispersion of the three choices that should obtain in cross sectional data:
Hypothesis 3: Even if skills are symmetrically distributed, wages and farm size will be skewed right. Furthermore, given that Cov(t,w) >0, the distribution of farm sizes must be more dispersed than the distribution of wages.
Output and wages are both homogeneous of degree t in q. As long as the number of possible tasks or technologies t is greater than one, output y and wages w will be convex in q. Therefore, the size distribution of hog farms is skewed right with a few very large farms and many small farms, even if worker skills are symmetrically distributed.
In addition, the zero profit condition y=tw(q) combined with the positive correlation between t and w given by Hypothesis 2 imply that the variance of y is linearly related to the distributions of t and w. Define Y to be a vector of technology complexity t and wage w,
. Firm size will be a function of vector Y,
. Applying the zero profit condition, , and using the delta method, the variance of firm size will be of the form ∑ where h Y is the corresponding gradient of h(Y) and ∑ is the variance-covariance matrix of Y.
Then, where denotes the variance of variable , , , and 0 denotes the correlation coefficient between technology and wages. Evaluating at sample means , , we have 2 .
With t > 1, the average of t, 1, and therefore holds in our application. That means that farm size will be more dispersed than farm wages.
Data
We test these hypotheses using survey data from employees on U.S. hog farms in 
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The survey includes questions about worker demographics, past experience on hog farms, job tenure, and education and attributes of each worker's farm including farm size and technology usage. Consequently, the data set includes all the information necessary to test for possible complementarities among worker skills and farm productive attributes consistent with the O-ring production process.
Distribution of Technology Complexity, Farm Size and Wages
We first present summary information on the dependent variables of interest. The distributions of wages, technologies and output are all skewed to the right. Output has the broadest dispersion. All three variables are positively correlated. Therefore, the data are broadly consistent with the patterns predicted by the O-ring theory. We will put these hypotheses to more rigorous tests in the next section.
There were seven technologies included on the surveys that were available to questionnaire, and so we constrain the available technology set to the first seven options. Of those seven, the average number of adopted technologies used on hog farms increased from 2.7 in 1995 to 3.5 in 2005. Over that same time frame, the distribution of employees has shifted toward farms using more technologies. Overall, the employment distribution by total number of technologies is right skewed with half of hog farm employees working for farms using no more than three technologies.
The employment share by farm size category is presented in table 2. Farm size also varies over a broad range. The smallest farms produce less than 1000 pigs a year.
The largest farms produce more than 25,000 pigs. at least a junior college program, similar to averages for the labor force as a whole.
Tenure and PrevExp indicate the working time on the current farm and previous experience on other hog farms respectively. Average tenure is nearly nine years with 41 percent of employees having had prior hog farm work experience. Over half the workers were FarmBorn, a dummy variable indicating the employee was raised on a hog farm. Sixty-three percent of the hog farm employees work in the Midwest which serves as the baseline region; the others being located in the Northeast, Southeast and West. 13 Our theoretical model suggests that more skilled workers will have an incentive to sort into larger and more technologically advanced farms. Figure 1 shows the size, wage and technology distributions for the most and least educated employees on hog farms. Workers with at least a bachelor's degree are more likely to work on larger and more technologically advanced farms and are paid more than those who did not complete high school. Although not a formal test, the patterns in Figure 1 are consistent with a process whereby the most skilled sort into farms with other skilled workers, more advanced technologies, larger farms and higher wages. In the next section, we present the formal tests of the theory's predictions.
Econometric Testing of the O-ring Production Function
We propose an estimable model which allows simultaneous choices of technological complexity, farm size and wages, given the observed and unobserved human capital attributes of the workers and other observed farm characteristics. In another context, Abowd et al. (1999) found that individual heterogeneity explains a large proportion of the wage variation between different firm sizes. In our O-ring production function, we assume that skills include both observable and unobservable components. Both observed and unobserved skills should positively affect output, wages and technical complexity, predictions that can be tested formally with a structural econometric model.
We consider three latent dependent variables: x is a vector of individual and farm characteristics specified in Table 4 with coefficient vectors , to be estimated in technology adoption, farm size and wage rate equations respectively. Hypothesis 1 can be tested based on the signs of the parameters attached to observable skills. A finding of positive signs in all of the equations is evidence consistent with the hypothesis that productive skills (i.e.
skills that raise wages) are complementary with both farm size and technology.
The random disturbance terms are of the form , , , .
Errors are composed of two parts: the unobserved ability component of skills, ~ 0, , and a pure random factor that varies across choices and is assumed to be an independent draw from a standard normal distribution. Because affects firm choices on farm size, technology adoption intensity and offered wages in the same direction, the signs of the parameters , , and will show whether unmeasured worker skills positively influence all three dependent variables. The Testing Hypothesis 3 requires identifying the relative magnitudes of , , and . We cannot identify the absolute sizes of the but we can identify their relative magnitudes. By normalizing at one, equation (10) shows that we can identify , and , given knowledge of the variance of unobserved human capital .
In particular, we can then determine if which will imply that the distribution of farm sizes is more dispersed than the distribution of wages.
Estimation
Our measures of technical complexity, farm size and wages are categorical.
For example, the latent continuous variable is not directly observable, but the number of technologies used on the farm is observed as a discrete category, . We define it as:
... The are unknown cut-points parameters to be estimated. The unconditional probability that individual i works on a farm adopting k technologies is Farm size and wages are also divided into categories from zero to seven. The corresponding probability for farm size and wages in a specific category can be written according to (12) . The joint estimation can be treated as a trivariate ordered probit model based on equations (9) 
is the cumulative density function evaluated for individual i paid wage l, employed on a hog farm of size m, and using k technologies, conditional on realizations of x i . is the sampling weight assigned to individual i . Given our joint normality assumption governing the errors, the corresponding probability density function is Farms specializing in farrow-to-feeder or feeder-to-finish operations would be expected to have fewer technology options than would farms that take pigs all the way from farrow to finish pigs. This is not a major issue if farms make the choice of type of operation contemporaneously with the choice of technology mix. Nevertheless, it is plausible that type of farm operation is correlated with the unobservable employee attributes that also affect farm size or wages. We replicated our analysis of model (9) using a restricted sample that included only farrow-to-finish farms. The results are shown in Tables A1 in the Appendix. Again, qualitative results and conclusions are consistent with those obtained with the full sample, and so our results are not driven by type of operation.
Empirical Findings
Coefficient estimates from the trivariate ordered probit are shown in table 5. We first assess whether the results are consistent with Hypothesis 1 that human capital will simultaneously raise technical complexity, firm size and wages. Coefficients on observed schooling are positive in all three equations. The effect of schooling on selecting a large farm is positive but diminishing with the peak marginal effect between 12 and 13 years of schooling. Prior experience on hog farms also increases wages, technology use and farm size.
Our other two human capital measures have inconsistent effects, although there are plausible explanations. Having been raised on a farm increases farm size and technical complexity, but it lowers wages. It is possible that farm raised workers have another source of returns on the farm, namely that they are atypically working on a farm of a parent or relative in anticipation of eventually taking over the operation.
In fact, farm-raised workers are more likely to say that they plan to have their own operations in the future.
Given that we control for all prior experience on hog farms, our experience measure is effectively a measure of age. Consistent with the expectations of the human capital investment model, we find that incentive to adopt technology declines with age (Huffman, 2001) . Incentives to select employment on larger farms also decline with age. However, wages rise at a declining rate with age, a common finding in the earnings function literature. The implied peak wage on hog farms occurs around age 51 and then declines. Taken together, we have that the oldest workers in the sample atypically work on smaller farms with few technological advances and are paid less than are younger workers on larger and more technologically advanced farms, especially younger workers with prior experience on hog farms. Hypothesis 2 is concerned with the correlations among the three dependent variables. The O-ring theory predicts that more skilled workers will congregate in more technologically complex firms and larger firms and evidence that they will be rewarded with higher wages. The implied pair-wise correlation coefficients among the errors in the technology adoption, farm size and wage rate equations computed 2 σ using equation (10) (Haltiwanger, Lane and Spletzer, 2007; Abowd et al., 1999; Pekkarinen, 2002; Dalmazzo, Pekkarinen and Scaramozzino, 2007 ) . Furthermore, Dalmazzo (2002) found that wage differentials for identical workers increase with heterogeneity in technologies across firms. Our finding that 0 suggests that as variation in technological complexity increases across hog farms, the wage gap between farms at the upper and lower tales of technology adoption will increase, even for worker skills that are observationally equivalent.
An additional finding is that women are paid less than observationally equivalent men. However, women are also significantly less likely to work in the larger and more technologically complex operations that pay more. That suggests part of the female disadvantage is due to a lower propensity to seek out or be accepted for jobs in the largest and most technologically advanced farms. Those farms are also rapidly increasing their market share. If the lower probability that women enter the largest and most technologically complex farms persists, then the gender wage gap in pork production will be rising in the future.
Conclusion and Discussion
This study shows that choices of farm size, technology adoption, compensation and skill utilization on U.S. hog farms are consistent with Kremer's (1993) O-ring production theory. A process in which a single mistake in any one of several tasks in a farm's production process can lead to catastrophic failure of the product's value generates natural complementarities between worker skills, farm size, and technological complexity. Workers of like skill are sorted into individual firms with the more skilled labor allocated to larger and higher paying firms with more complex production processes. Using survey data from hog farm employees from 1995-2005, we find evidence that technology adoption and farm size are complements with both observed and unobservable components of worker human capital and evidence that workers on larger and more technologically advanced farms are paid more than otherwise comparably skilled workers on smaller and less technology intensive farms.
The market share for hog farms with annual production exceeding 10,000 head increased from 22% in 1991 to 86% at the time of the last survey. Our results show why technological advances in hog production have been driving the dramatic increase in the market share of large hog farms. The new technologies have allowed more concentrated production, but as farms have become larger, they create a need for a more skilled and highly compensated work force. Larger farm size increases the risk of catastrophic financial losses. As insurance against operator error, farms adopting the more advanced technologies must hire workers with more skilled workers and pay them higher wages. In competitive markets, the productivity gains accruing to larger farms using advanced technologies will be offset by higher wages, the higher costs of absorbing the liability of catastrophic failure, and potentially, by higher local land prices. 15 If higher input prices do not fully offset the profit advantages from improved productivity, then additional entry of the larger farms will eventually drive the economic rents earned by the initial large farm entrants to zero.
However, if higher input costs do fully offset the productivity advantages, then an equilibrium can exist in which smaller farms earn zero economic profits by having lower productivity and paying lower input prices while larger farms earn zero economic profits by having higher productivity and higher input costs.
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A possible constraint to the further expansion of large hog farms is the need to attract skilled labor to relatively remote worksites favored by large confinements. As documented by Artz (2003) , these are the rural counties that have experienced the largest brain drain in the past. The greater the difficulty in accessing and retaining skilled workers in rural areas, the more the rents earned from the productivity gains associated with larger and more technologically complex farms will be captured in wages. Some programs have been created to train college students and prepare them with practical and managerial skills needed on large hog operations such as the Swine Science Online program and the Professional Swine Manager/Technician Certification and Education Program (Miller, 2010) . An increasingly available supply of skilled labor will increase the tendency toward larger and more technologically complex hog operations in the United States. In our empirical work, we will use the number of technologies to represent the number of tasks, and so the reader can interpret tasks and technologies as synonyms. 10 In Kremer's model, ) 1 , 0 ( ∈ q represents the expected proportion of the maximum possible value the product retains if the worker performs the task. 11 The survey had 1,538 respondents in 1995, 877 in 2000 and 639 in 2005. 12 Consistent with the USDA classifications, each employee in our survey is placed into one of eight regions and one of the three farm size categories. The number of employees who have either full time or part time jobs on hog farms is taken as the population universe. The weights are computed as follows: there are employees in total in the US and of them in region-size cell . The proportion of employees on hog farms which have region and size attributes in the cell is then . The comparable number of employees in the same region-size cell in our sample is . Each worker in the sample is then assigned a probability weight 
